Surface Layer Modification of 12Cr1MoV and 30CrMnSiNi2 Steels by Zr+ Ion Beam to Improve the Fatigue Durability  by Vlasov, Ilya et al.
 Procedia Technology  19 ( 2015 )  313 – 319 
Available online at www.sciencedirect.com
ScienceDirect
2212-0173 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of “Petru Maior” University of Tirgu Mures, Faculty of Engineering
doi: 10.1016/j.protcy.2015.02.045 
J>#DJ;HD7J?ED7BED<;H;D9;#DJ;H:?I9?FB?D7H?JO?DD=?D;;H?D=#'-+	'!	(9JE8;H
-?H=K	&KH;I+EC7D?7
,KH<79; B7O;H CE:?<?97J?EDE<H&E/7D:H&D,?'? IJ;;BI
8O3H?ED 8;7CJE ?CFHEL;J>; <7J?=K; :KH78?B?JO
#BO7 /B7IEL78 ,;H=;O)7D?D78 /?AJEH ,;H=;;L7)7L;B%OK8KJ?D7
(B;=E=:7DEL7)7LBE&7HKI9>7A9 EH?I (L;9>A?D88:;BB7>&;DEK:
 -12(232$.%20$-&2''61("1 -# 2$0( +"($-"$.,1** #$,("'$1*(( 4$-3$

	311( 
! 2(.- +$1$ 0"'.,1*.+62$"'-("-(4$01(26$-(-  4$-3$311( 
"$0-./(+ 2(.- +4 -3+:3)$"'-(" +-(4$01(2631* 	*0 (-$
#-2$0- 2(.- +" #$,6.%(4(+4( 2(.-  1 .' ,,$#(0/.02.0."".

0?J> J>; KI; E< EFJ?97BI97DD?D= ;B;9JHED C?9HEI9EFO 7D: C?9HE?D:;DJ7J?ED IEC; F;9KB?7H?J?;I E< IJHK9JKH;
CE:?<?97J?EDEL;H9HEII	I;9J?ED7IM;BB7IC;9>7D?97BFHEF;HJ?;IE< H&E/7D:H&D,?'? IJ;;BIF;9?C;DI
IK8@;9J;: JE ?ED	7H9 JH;7JC;DJ 8O3H ?ED8;7CM;H; ?DL;IJ?=7J;:
 #J ?I I>EMD J>7J 9>7D=?D=E< J>;C?9HEIJHK9JKH;
J7A;IFB79;EL;H;DJ?H;9HEII	I;9J?EDJ>7J?IDEJJ>;97I;E<C7J;H?7BIE<J;D?D=:K;JE7DD;7B?D=
0?J>?DJ>;H;L;7B;:
H;IKBJIEDIJHK9JKH;CE:?<?97J?EDJ>;:7J7ED9>7D=?D=C;9>7D?97BFHEF;HJ?;IKD:;H9O9B?97D:IJ7J?9J;DI?EDE<J>;
?HH7:?7J;: IF;9?C;DI 7H; ?DJ;HFH;J;:
 (< F7HJ?9KB7H ?DJ;H;IJ 7H; H;IKBJI ED IJH7?D C;7IKH;C;DJ 8O :?=?J7B ?C7=;
9EHH;B7J?EDJ;9>D?GK;

R ->;KJ>EHI
)K8B?I>;:8OBI;L?;H%J:

,;B;9J?ED7D:EHF;;H	H;L?;MKD:;HH;IFEDI?8?B?JOE<]);JHK&7?EH^.D?L;HI?JOE<-?H=K	&KH;I 79KBJOE<D=?D;;H?D=

$65.0#1 C?9HE?D:;DJ7J?ED9O9B?97D:IJ7J?9J;DI?EDIJHK9JKH;CE:?<?97J?ED IJH7?DC;7IKH;C;DJ

EHH;IFED:?D=7KJ>EH
-;B
					
, (+ ##0$11&7HKI9>7A
JK
;:K=C7?B
9EC
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of “Petru Maior” University of Tirgu Mures, Faculty of Engineering
314   Ilya Vlasov et al. /  Procedia Technology  19 ( 2015 )  313 – 319 
 	
->; EL;HM>;BC?D= C7@EH?JO E< IJHK9JKH; ;B;C;DJI 7D: C79>?D; F7HJI KD:;H EF;H7J?ED ;NF;H?;D9; ?D<BK;D9; E<
L7H?78B;BE7:?D=IJ>7JC?=>J8;J>; H;7IEDE<J>;?H<7J?=K;<H79JKH;
->;FHE8B;CE<IJK:O?D=7D:FH;:?9J?D=<7J?=K;
<H79JKH;A;;FIKH=;D9O7D:9EDJ7?DI7DKC8;HE<KDIEBL;:I9?;DJ?<?97D:;D=?D;;H?D=FHE8B;CI45

,KH<79;D7DEIJHK9JKH?D=?IJ>;;<<;9J?L;M7OE<?D9H;7I?D=<7J?=K;IJH;D=J> 7D:M;7HH;I?IJ7D9;E<C79>?D;F7HJI

-H;7JC;DJE< IKH<79; B7O;HI ?IE< IF;9?7B 79JK7B?JO <EH <7J?=K; <H79JKH;M>;H; J>; IJ7J;7D::;<;9JI ?D IKH<79; B7O;H
FB7OI J>; A;O HEB; 45 #D :E?D= IE :;I?=D E< 7:L7D9;: J;9>D?GK;I <EH IKH<79; CE:?<?97J?ED ?I 7BM7OI 7 IJH?9J
9ECFHEC?I;8;JM;;D;D>7D9;C;DJE<IKH<79;IJH;D=J>7D:FHEL?:?D=>?=>;DE=>:K9J?B?JO ?DEH:;H JE:?C?D?I> J>;
D;=7J?L;HEB;E<IJH;II9ED9;DJH7JEHIJEE99KHJ>;H;:K;JEFH;I;D9;E<I9H7J9>;IEHC?9HE9H79A?D=JEJ7A;FB79;KD:;H
9O9B?9C;9>7D?97BBE7:?D=

->; 7?C E< J>; IJK:O ?I JE ?DL;IJ?=7J; J>; ;<<;9J E< IKH<79; ?HH7:?7J?ED E< >;7J	H;I?IJ7DJ H&E/ 7D:
H&D,?'? >?=>IJH;D=J>IJ;;BI 8O 3H ?EDIEDJE?D9H;7I;E<J>;?H<7J?=K;:KH78?B?JO
 H&E/ IJ;;B8;BED=IJE7
9B7IIE<>;7JH;I?IJ7DJED;I7D:?I?DJ;D:;:<EHC7DK<79JKH?D=J>;C79>?D;F7HJIJEEF;H7J;7J>?=>J;CF;H7JKH;IE<
	SY ?D F7HJ?9KB7H <EH IJ;7C	F?F; B?D;I
DEJ>;H IJ;;B KD:;H ?DL;IJ?=7J?EDM7I H&D,?'?
 #J ?I DEJ >;7J
H;I?IJ7DJ ED; IE 7I 7 H;IKBJ E< J>; ?ED	8;7C JH;7JC;DJ ?JI C;9>7D?97B FHEF;HJ?;I 97D I?=D?<?97DJBO :;=H7:;
 #D
7::?J?ED?DJHE:K9J?EDE<3H?EDI?DJE7J>?DIKH<79;B7O;H7IED;CEH;7BBEO?D=;B;C;DJI>EKB:B;7:JE9ECFB?97J?ED
E<?JIIJHK9JKH7B	F>7I;9ECFEI?J?ED7D:FHE878BOJEJ>;;C8H?JJB;C;DJ
#D:E?D=IE7IF;9?7BH;=?C;J>7J?D9BK:;I7
HEJ7J?EDE<IF;9?C;DI:KH?D=J>;JH;7JC;DJM7I:;L;BEF;:J>7J7BBEMIJEH;CEL;IF;9?C;DI<HECJ>;?CF79JE<J>;
?ED	8;7CJ>;H;8OH;:K9?D=J>;?HJ>;HC7BIE<J;D?D=

 

H&E/IJ;;BM7IKI;:7ICE:;BC7J;H?7BI?D9;?J:E;IDEJ;NF;H?;D9;IJHK9JKH7B9>7D=;I7JJ>;J;CF;H7JKH;7J
M>?9>J>;FHE9;IIE<IKH<79;B7O;HD7DEIJHK9JKH?D=8O?ED8;7C?I97HH?;:EKJ
;I?:;IJ>;IJ;;B?IGK?J;:K9J?B;IE
J>;IJK:OE<FHE9;II;IE<BE97B?P;::;<EHC7J?ED7D:<H79JKH;KD:;H9O9B?9BE7:FHEL?:;ICK9>CEH;;L?:;D9;7JBEM;H
H7J;E<:;<EHC7J?EDFHE9;II;I
 "?=>IJH;D=J>H&D,?'?IJ;;B ?IKI;:<EHC7DK<79JKH?D=H;IFEDI?8B;7D:>?=>BO
BE7:;:F7HJIJ>7J;NF;H?;D9;79J?ED E<7BJ;HD7J?D=BE7:?D=I
#D9H;7I?D=E<<7J?=K;:KH78?B?JOE<J>?IIJ;;B?I79ECFB;N
FHE8B;C8;97KI;E<?J[IBEM>;7JH;I?IJ7D9;7D:>?=>B;L;BE<7BBEO?D=

 B7JIF;9?C;DIM?J>E<I?P;VV CCM;H;FH;F7H;:<HEC7H&E/IJ;;BF?F;<H7=C;DJ8O;B;9JHE	IF7HA
9KJJ?D=
 EHHKDD?D=<7J?=K;J;IJIJ>;>EB;IE< CCM;H;C;9>7D?97BBO:H?BB;:7I7IJH;II9ED9;DJH7JEH7J7:?IJ7D9;
E< CC<HECED;E<?JI;:=;I
 EHIJ7J?9J;DI?EDJ;IJIE<H&E/IJ;;B:E=	8ED;I>7F;:IF;9?C;DIM?J>=7K=;
B;D=J> E< VV CC M;H; 7BIE ;CFBEO;: 7I M;BB 7I ED;I M?J> J>; IJH;II 9ED9;DJH7JEH <EH H&D,?'? IJ;;B
I?C?B7H JE J>;IF;9?C;DI<EH <7J?=K; J;IJI
->;IF;9?C;DIM;H;C;9>7D?97BBOFEB?I>;:7D::?L?:;: ?DJE =HEKFI
7 ?DJ>;7I	IKFFB?;:IJ7J;M?J>EKJJ>;JH;7JC;DJ7D:8 ED;IM?J>7IKH<79;B7O;H?HH7:?7J?ED8OP?H9ED?KC3H?ED
8;7C

#ED	7H9JH;7JC;DJD7DEIJHK9JKH?D=E<IKH<79;B7O;HM7I97HH?;:EKJM?J>7>;BFE<>?=>9KHH;DJL79KKC	7H9IEKH9;
E<C;J7B ?EDI./'	
*K7DJ
->;C?9HEIJHK9JKH;E<IF;9?C;DI7<J;H9>;C?97B;J9>?D=8O IEBKJ?EDE<D?JH?9
79?:M7I?DL;IJ?=7J;:
&?9HE=H7F>IE<IF;9?C;D\IIKH<79;M;H;E8J7?D;:8OC;7DIE<EFJ?97BC?9HEI9EF;I7HB3;?II
N?EL;HJ7D:7HB3;?II)#*.'-7IM;BB7II97DD?D=;B;9JHEDC?9HEI9EF;7HB3;?II/(
,KH<79;
FHE<?BEC;JHO M;H; F;H<EHC;:M?J> J>; >;BF E< EFJ?97B ?DJ;H<;HEC;J;H E< M>?J; B?=>J ';M/?;M 
1	H7O F>7I;
7D7BOI?IM7I9ED:K9J;:8O1	H7O:?<H79JEC;J;H+('	

,J7J?9J;DI?EDJ;IJIM;H;F;H<EHC;:M?J>J>;KI;E<;B;9JHEC;9>7D?97BJ;IJ?D=C79>?D; #DIJHED M>?B;<EHJ>;
9O9B?9J;DI?EDJ;IJIE<H&D,?'?IJ;;BI;HLE>O:H7KB?9J;IJ?D=C79>?D;?II.-&M7I;CFBEO;:
,F;9?C;DI
E< H&E/ M;H; J;IJ;: KD:;H 9O9B?9 7BJ;HD7J?D= 97DJ?B;L;H;: 8;D:?D= M?J> <H;GK;D9O E<  "P
 ,KH<79;
C?9HE=H7F>IE<IF;9?C;DIM;H;97FJKH;:8O7DED:?=?J7BF>EJE97C;H7:KH?D=J>;FHE9;IIE<9O9B?9BE7:?D=
JE ;IJ?C7J; IJH7?D :?IJH?8KJ?ED 8O EFJ?97B J;9>D?GK; # 7I M;BB 7I JE 9>7H79J;H?P; IJH7?D ?D:K9;: H;B?;<

&?9HE>7H:D;IIM7I;IJ?C7J;:8O)&-	C?9HE>7H:D;IIC;J;HM?J>J>;BE7:E<
 '

%E97BIJH7?DM7I;IJ?C7J;:J>HEK=>97B9KB7J?D=E<DEHC7B?P;:L7BK;E<I>;7HIJH7?D?DJ;DI?JOFH?D9?FB;IJH7?DM?J>
J>; KI;E<?=?J7B #C7=;EHH;B7J?ED J;9>D?GK;
 #D:E?D= IE EFJ?97BC?9HE=H7F>IM;H; 97FJKH;::KH?D= J>; 9O9B?9
BE7:?D=M?J><KHJ>;H9EDIJHK9J?EDE<:?IFB79;C;DJL;9JEH<?;B:I/ 7D:J>;?HDKC;H?97B:?<<;H;DJ?7J?ED

315 Ilya Vlasov et al. /  Procedia Technology  19 ( 2015 )  313 – 319 
 !
	23#6.%2'$,.#(%($#130% "$+ 6$0.%	
0	.12$$+
->;IJHK9JKH;E< J>;IKH<79; B7O;HE< J>;H&E/IJ;;B ?D J>;7I	IKFFB?;:IJ7J; ?I H;FH;I;DJ;:8O B7H=;<;HH?J;
=H7?DI M?J> 7L;H7=; :?7C;J;H E<  UC M?J> ?D9BKI?EDI E< 9;C;DJ?J;  ;
 ,KH<79; B7O;H IJHK9JKH; 7<J;H
D7DEIJHK9JKH?D=8OJ>;3H?ED8;7C?IH;FH;I;DJ;:8OF>7I;IE< ;3H ;3H7IM;BB7I<;HH?J;=H7?DI
->;7L;H7=;
I?P;E<J>;=H7?DI?DJ>;IKH<79;B7O;HC7A;I	 DC

->;C?9HE>7H:D;IIEL;HJ>;?HH7:?7J;:IF;9?C;DI9HEII;9J?EDM7IC;7IKH;
(DJ>;87I?IE<E8J7?D;:H;IKBJIED;
97D@K:=;EDJ>;J>?9AD;IIE<J>;IK8IKH<79;B7O;HJE8;IE<J;D;::KH?D=3H?ED8;7C?HH7:?7J?ED
#JM7I;IJ?C7J;:JE
8;;GK7BJE	 UC
,?CKBJ7D;EKIBO7JJ>;:;FJ>CEH;J>7D UCJ>;C?9HE>7H:D;IIM7I?D9H;7I;:8O 
?D9EDJH7IJM?J>IF;9?C;D?DJ>;7I	IKFFB?;:IJ7J;

0?J>J>;>;BFE<IEBKJ?EDE<D?JH?979?:J>;C?9HEIJHK9JKH;E<J>;IF;9?C;DI?D8EJ>IJ7J;IM;H;;N7C?D;:
#J?I
I;;D <HEC  ?=
  J>7J ?J 9EDI?IJI E< <;HH?J;	F;HB?J; =H7?DI
 #D EH:;H JE ;IJ?C7J;C?9HEIJHK9JKH; 9>7D=;I J>HEK=> J>;
J>?9AD;IIJ>;B7J;H7B<79;E<J>;IF;9?C;DIM;H;FEB?I>;: ?=
 8
(D;97D:?IJ?D=K?I>J>;:?<<;H;D9;?DIJHK9JKH;
M?J>?DIK8IKH<79;B7O;H7D:8KBAC7J;H?7B
->;J>?9AD;IIE<J>;CE:?<?;:B7O;H97D8;;IJ?C7J;:7I8;?D=;GK7BJE	
 UC M>?B; ?J :E;I DEJ >7L; FHEDEKD9;: 8EKD:7HO M?J> 7:@79;DJ 8KBA B7O;HI
 I ?I ADEMD <HEC FOHEC;J;H
C;7IKH;C;DJ:7J7 J>?I B7O;H ;NF;H?;D9;I I>EHJ J;HC>;7J?D=KF JE J>; J;CF;H7JKH;E< S  J>7J 97D =?L; H?I; JE
=H7?D=HEMJ>
JJ>;I7C;J?C;J>;9EH;E<J>;IF;9?C;D?IIK8@;9J;:JEIK9>>;7J?D=?D7B;II:;=H;;
->;HEJ7J?EDE<
J>; IF;9?C;DI ?D J>; L79KKC 9>7C8;H :KH?D= J>; ?HH7:?7J?ED 9O9B?9 >;7J?D=M?J> <KHJ>;H 9EEB?D=M>;D IF;9?C;D
:E;IDEJ9EDJ79JM?J>J>;?ED8;7C9EC8?D;:M?J>FEII?8B;97H8ED:?<<KI?ED<HECJ>;IK8IKH<79;B7O;HC?=>J=?L;
H?I; JE9;HJ7?D:;9H;7I;E<=H7?DI?P;<HEC	 UC:EMD JE UCJ>7JIEC;>EM8;9EC;IL?I?8B; <HEC ?=
 8

->?IC?=>J8;7FEII?8B;;NFB7D7J?EDE<C?9HE>7H:D;II?D9H;7I;?D9EDJH7IJM?J>DED	JH;7J;:IF;9?C;DI

 ?=
 
(FJ?97BC?9HE=H7F>IE<;J9>;:IKH<79;IE<IF;9?C;DI?DJ>;7I	IKFFB?;:IJ7J;77D:7<J;HJ>;D7DEIJHK9JKH?D=8O3H?ED8;7C8

23#6.%2'$,.#(%($#130% "$+ 6$0.% 0-((
12$$+
#D 9EDJH7IJ M?J> 78EL; :?I9KII;: >;7J H;I?IJ7DJ IJ;;B J>; >?=> IJH;D=J> H&D,?'? IJ;;B ;NF;H?;D9; GK?J;
:?<<;H;DJIJHK9JKH;9>7D=;I
#DJ>;IK8IKH<79;B7O;H7JJ>;:?IJ7D9;DEJ;N9;;:?D= UC<HECJ>;IKH<79;?DJ;HC;J7BB?9
9ECFEKD:IE< ;	3H IOIJ;C7H; <EHC;:7IM;BB 7IP?H9ED?KC97H8?:;I
->;D7J J>; J>?9AD;IIKF JE UC:K; JE
79J?ED E< ;B;L7J;: J;CF;H7JKH;I JE E99KH KD:;H ?HH7:?7J?ED J>; J;CF;H?D= J7A;I FB79; J>7J =?L;I H?I; JE <;HH?J;	
9;C;DJ?J; IJHK9JKH; <EHC7J?EDM?J>9>7H79J;H?IJ?9=H7?D I?P;E<	 UC
 #D J>;:;;F;H B7O;HI BE97J;:7J J>;:?IJ7D9;
CEH; J>7D  UC <HEC J>; IKH<79; J>; IEH8?J; IJHK9JKH; ?I <EHC;: J>7J ?I 9>7H79J;H?IJ?9 <;7JKH; <EH <EH >?=>
J;CF;H7JKH; J;CF;H?D= JE J7A;FB79;7J>;7J?D=78EL; S
;97KI;E< J>;HC7B9O9B?D= JEE99KH:KH?D= J>; ?ED	
8;7C?HH7:?7J?EDJ>;H;I?:K7B7KIJ;D?J;JH7DI<;H;I?DJEJ>;8;?D?J;J>7J?IH;IFEDI?8B;<EH8;?D?J;	C7HJ?DIJ?J;IJHK9JKH;JE
316   Ilya Vlasov et al. /  Procedia Technology  19 ( 2015 )  313 – 319 
8;<EKD:7JJ>;:?IJ7D9;CEH;J>7D UC
->;B7JJ;H;DIKH;I9;HJ7?D?D9H;7I;E<J>;C?9HE>7H:D;II?D9EDJH7IJM?J>
7KIJ;D?J;	C7HJ;DI?J;IJHK9JKH;8;?D=9>7H79J;H?IJ?9<EHJ>;HC7BJH;7JC;DJ7JIJ7D:7H:F7H7C;J;HI

2 2("2$-1(.-2$121.%	
0	.12$$+
KH?D=J>;J;DI?B;J;IJIJ>;BE7:?D=:?7=H7CE<H&E/IJ;;BE<:E=	8ED;I>7F;IF;9?C;DIM7IH;=?IJ;H;:
#J
M7I<EKD:J>7J<EHDEDJH;7J;:IF;9?C;DIJ>;FH;I;D9; E<I>7HFO?;B:FE?DJO?;B:JEEJ>?I;L?:;DJCK9>B?A;?JJ7A;I
FB79; <EH BEM 97H8ED IJ;;BI
 2?;B: FE?DJ E< IK9> IF;9?C;DI C7A;I 861   T  &)7 KBJ?C7J; IJH;D=J> Z
831  T  &)77D:;BED=7J?ED Z    T  M>?9>?I9BEI;8OL7BK;IJEJ>;H;<;H;D9;8EEA:7J7<EHJ>?IIJ;;B
45
<J;H J>; IKH<79;D7DEIJHK9JKH?D= J>; L7BK;E< KBJ?C7J; IJH;D=J> ?I ?D9H;7I;: KF JE 831 T &)7M>?B;
;BED=7J?ED8;9EC;IBEM;H  T
 
#D:E?D=IEJ>;H;?IDE<EHC7J?EDE<J>;O?;B:FB7J;7K7JJ>;:?7=H7CE<
J>;FHE9;II;:IF;9?C;DI

2 2("2$-1(.-2$121.%0-((
 12$$+
->;J;IJIEDJ>;IJ7J?9J;DI?EDE<J>;IF;9?C;DIM?J>J>;9;DJH7B>EB;IM;H;97HH?;:EKJJE>7L;J>;I7C;I>7F;7I
ED;IKI;:KD:;H9O9B?9J;DI?ED
#JM7II>EMDJ>7JJ>;IF;9?C;DIM?J>EKJJ>;JH;7JC;DJ>7:J>;KBJ?C7J;IJH;D=J>E<
831   &)7 H;B7J?L; ;BED=7J?ED 7    J>; IF;9?C;DI IK8@;9J;: JE J>; ?ED CE:?<?97J?ED >7: J>; KBJ?C7J;
IJH;D=J> 831 &)7H;B7J?L;;BED=7J?ED 7  
->KI7I7H;IKBJE<J>;?EDJH;7JC;DJE<J>;H&D,?'?IJ;;B
J>;KBJ?C7J;IJH;D=J>M7IBEM;H;:8O H;B7J?L;;BED=7J?ED?D9H;7I;:8O 

$12.-"6"+(" +2$0- 2(-&!$-#(-&	
0	.
99EH:?D=JEJ>;J;IJ?D=:7J7J>;<7J?=K;B?<;	J?C;E<IF;9?C;DIKD:;H9O9B?97BJ;HD7J?D=8;D:?D=?I?D9H;7I;::K;
JE J>; IJHK9JKH; CE:?<?97J?ED 8OQ  J?C;I
 ->; I;H?;I E< EFJ?97B C?9HE=H7F>I M;H; KI;: JE 97B9KB7J; 7D: FBEJ J>;
=H7F>IJE9>7H79J;H?P;:;F;D:;D9;J>;9H79AB;D=J>L;HIKIJ>;DKC8;HE<BE7:?D=9O9B;I

7 8
9 :
 ?=
 
(FJ?97BC?9HE=H7F>I787D:9EHH;IFED:?D=:?IFB79;C;DJL;9JEH<?;B:I9:?DIF;9?C;DIKD:;H9O9B?98;D:?D=79 IF;9?C;DIM?J>EKJ
J>;JH;7JC;DJ8: 7<J;HJ>;D7DEIJHK9JKH?D= 8O?ED8;7C?HH7:?7J?ED79 	 9O9B;I8: 	 9O9B;I
317 Ilya Vlasov et al. /  Procedia Technology  19 ( 2015 )  313 – 319 
#J ?I I>EMD J>7J KD:;H 9O9B?9 8;D:?D= J>; C7?D 9H79A EH?=?D7J;I D;7HBO 7J J>; I7C; J?C; <EH 8EJ> JOF;I E<
IF;9?C;DI8KJ>7II?=D?<?97DJ:?<<;H;D9;I?DJ>;FHEF7=7J?EDH7J;
H79A=HEMJ>H7J;<EHJ>;KDJH;7J;:IF;9?C;DM7I

 UC9O9B;M>?B; <EH J>; IF;9?C;DM?J>CE:?<?;: IKH<79; B7O;H ?JC7:;
 UC9O9B;
->KI ?J ?I I>EMD J>7J
D7DEIJHK9JKH?D= E< IKH<79; B7O;H 8O ?ED 8;7C JE IBEM J>; H7J; E< <7J?=K; 9H79A =HEMJ> 8O 78EKJ  J?C;I
 ->;
C;7IKH;C;DJ E<IKH<79;HEK=>D;IIE<<7?BKH; IF;9?C;DI?DJ>;<H79JKH;7H;7M7I97HH?;:EKJM?J>7>;BFE<J>;EFJ?97B
?DJ;H<;H;DJ?7BFHE<?BEC;J;H
#J?II>EMDJ>7JL7BK;IE<J>;IKH<79;HEK=>D;IIF7H7C;J;H+7E<J>;IF;9?C;DJ>;M?J>EKJ
J>;JH;7JC;DJ?ICEH;J>7D
 J?C;I>?=>;H?D9ECF7H?IEDM?J>ED;<EHJ>;IF;9?C;D7<J;HJ>;?HH7:?7J?ED
KH?D=J>;
J;IJ ?D J>;IF;9?C;DM?J>EKJ J>; JH;7JC;DJ9B;7HBOFHEDEKD9;:C?9HE9H79AI7H; <EHC;:7BED= J>;=H7?D8EKD:7H?;I
7D: J>; C7?D 9H79A ?I CEH; 9B;7HBO C7D?<;IJ;: JE FHEF7=7J; @KIJ 7BED= J>; C?9HE9H79AI
 ->; IF;9?C;D 7<J;H J>;
JH;7JC;DJ >7I J>; DKC8;H 7D: I?P; E< J>; C?9HE9H79AI DEJ?9;78BO IC7BB;H 7D: J>; C7?D 9H79A :;L;BEFI JE 7 B;II
;NJ;DJ
->;C7?D9H79A?DJ>;?HH7:?7J;:IF;9?C;D?IB;IIFHEDEKD9;:J>7J9EKB:?D:?97J;J>7J ?J:;L;BEFIC7?DBO?D
J>;CE:?<?;:IKH<79;B7O;HM>?9>>?D:;HI?JIIFH;7:?D=?DJEJ>;8KBAE<J>;C7J;H?7B
->;7D7BOI?I7D:9ECF7H?IEDE<
EFJ?97BC?9HE=H7F>I7D::?IFB79;C;DJL;9JEH<?;B:I=7?D;::KH?D=9O9B?98;D:?D=J;IJI7BBEM;:H;L;7B?D=:?<<;H;D9;I
?DF7JJ;HDIE<:;<EHC7J?ED:?IJH?8KJ?ED7J<7J?=K;9H79AEF;D?D= ?=
 
.D:;HJ;IJ?D=E<J>;DEDJH;7J;:IF;9?C;DI
H;=7H:B;IIJ>;9H79A8H7D9>?D=?J:;L;BEFI8O?JI<79;IEF;D?D=8ODEHC7BCE:;J>7J?I799ECF7D?;:8O<EHC7J?EDE<
79EKFB;E<C;IEI>;7H87D:IJEEH?=?D7J;7JJ>;9H79AJ?F ?=
 79
J9O9B?98;D:?D=E<J>;JH;7J;:IF;9?C;D?J?I
:?<<?9KBJJEH;L;7B;N79J9H79AF7J>I ?=
 8I?D9;FH;I;D9;E<J>;CE:?<?;:B7O;H:?IF;HI;IJH;II9ED9;DJH7JEH?DJ>;
9H79A J?F 7D: :;<EHC7J?ED ?D ?JI L?9?D?JO ?I H;:?IJH?8KJ;: :?IF;HI;: EL;H B7H=;H 7H;7
 ->?I 8;9EC;I ;L?:;DJ 7J
E8I;HL7J?EDE<:?IFB79;C;DJL;9JEH <?;B: ?=
 : ?J ?I9B;7H J>7JIEC;H;=?EDIM?J> I;B<	9EDI?IJ;DJ:?IFB79;C;DJI
7H; <EHC;: J>7J J;D: JE 799ECCE:7J; HEJ7J?ED7B :;<EHC7J?EDCE:;I JEE99KH 7J 9H79AFHEF7=7J?ED
->?IC?=>J 8;
H;IKBJ;:<HEC:?<<;H;D9;?DIJH;D=J>E<CE:?<?;:IKH<79;B7O;H7D:IK8IJH7J;I?D9;J>;OFEII;II:?<<;H;DJ:K9J?B?JO7I
M;BB
;?D=87I;:ED:7J7E<C?9HE>7H:D;IIC;7IKH;C;DJED;97DFEIJKB7J; J>7JIE<J;D?D=E< J>; IK8IKH<79; B7O;H
97D FB7O 7 FEI?J?L; HEB; 7J ?D9H;7I?D= J>; <7J?=K; B?<; J?C; I?D9; 9H79A 7HH;IJ ;<<;9JI 97D E99KH ?D CEH; :K9J?B;
CE:?<?;:IK8IKH<79;B7O;HE<I;L;H7BJ;DIUCJ>?9AD;II

6"+("2$-1(.-2$121.%0-((

KH?D=J>;J;IJIJ>;7L;H7=;DKC8;HE<9O9B;IFH?EHJ>;<H79JKH;M;H;:;J;HC?D;:
 EHJ>;IF;9?C;DIM?J>EKJJ>;
JH;7JC;DJ J>?I L7BK; C7:;'F  T  9O9B;I M>?B; <EH J>; IF;9?C;DI 7<J;H J>; ?HH7:?7J?ED Z  T
 
->;IF;9?C;D7<J;H J;CF;H?D= <7?B;:7<J;H T  9O9B;I
->KI J>; IKH<79;CE:?<?97J?ED8O J>;
3H?ED8;7C?HH7:?7J?EDE<H&D,?'?IJ;;BIF;9?C;DI;DIKH;I?D9H;7I?D=J>;<7J?=K;B?<;	J?C;8O J?C;I

->;:;F;D:;D9;=H7F>E<J>;<7J?=K;9H79AB;D=J>LIJ>;DKC8;HE<BE7:?D= 9O9B;IM7I8K?BJ8;?D=87I;:EDJ>;
IKH<79; ?C7=;7D7BOI?I97FJKH;::KH?D= J>; J;IJI
 #J ?I ;L?:;DJ J>7J J>;9H79AIJ7HJI IK8IJ7DJ?7BBO B7J;H7D::;L;BEFI
IBEM;H ?D J>; IF;9?C;D 7<J;H J>; ?ED	7H9 JH;7JC;DJ
  EH J>; IF;9?C;DIM?J>EKJ J>; JH;7JC;DJ J>; H7J; E< J>; 9H79A
=HEMJ> C7:; %  
 UC9O9B; M>?B; 7<J;H J>; ?ED JH;7JC;DJ %  
 UC9O9B;
 ->KI J>; IKH<79; B7O;H
CE:?<?97J?ED E< J>; IF;9?C;DI 8O J>; 3H ?ED 8;7C 9EDJH?8KJ;I JE J>; :;B7O E< J>; <7J?=K; 9H79A DK9B;7J?ED 8O
Q J?C;I7IM;BB7I?D9H;7I;IJ>;J?C;E<?JIFHEF7=7J?ED8OQ J?C;I
->;IE<J;D;:IK8IKH<79;B7O;HFHEL?:;ICEH;
KD?<EHC:?IJH?8KJ?EDE<IJH;II;I7D:]>;7BI^:7D=;HEKI:;<;9JIEDJ>;IKH<79;

?IFB79;C;DJL;9JEH<?;B:IM;H;9EDIJHK9J;:M?J>J>;KI;E<EFJ?97B?C7=;IH;=?IJ;H;: :KH?D=9O9B?9J;DI?EDJ;IJI

#D ?=
 EFJ?97BC?9HE=H7F>I<EHDED	 7D:?HH7:?7J;:IF;9?C;DI=7?D;:7JJ>;FH;	<H79JKH;IJ7=;7H;=?L;D
#J?II;;D
J>7J ?D J>; IF;9?C;D M?J>EKJ J>; JH;7JC;DJ FB7IJ?9 :;<EHC7J?ED ?I BE97B?P;: ?D J>; J?F E< <7J?=K; 9H79AI 8;?D=
FHEF7=7J;: <HEC J>; IJH;II 9ED9;DJH7JEHI  ?=
 7
 ->; =HEMJ> E< 9H79AI ?I 799ECF7D?;: 8O FB7IJ?9 :;<EHC7J?ED
M>?9>?I7BIEC7D?<;IJ;:8OI>H?DA7=;E<J>;IF;9?C;D ?=
 8

#D=;D;H7B ?J97D8;9ED9BK:;:J>7J J>;:;<EHC7J?ED8;>7L?EHE<J>;IF;9?C;DM?J>79EKFB;E<<7J?=K;9H79AI?I
:;J;HC?D;:8OJ>;?H=H7:K7BFHEF7=7J?ED7D:L?I9E	;B7IJ?9H;IFEDI;E<J>;IKHHEKD:?D=C7J;H?7BJEH;:K9;J>;9HEII	
I;9J?ED7B7H;7E<J>;IF;9?C;D?DJ>?IH;=?ED
GK?J;:?<<;H;DJF7JJ;HD?IE8I;HL;:?DJ>;IF;9?C;D7<J;HJ>;JH;7JC;DJ
M>;H; D;7H	IKH<79; B7O;H ?I IE<J;D;: 7J 7 J>?9AD;II E<  C
&K9> B?A; J>; IF;9?C;D M?J>EKJ J>; JH;7JC;DJ 7
<7J?=K; 9H79A =HEMI <HEC J>; IJH;II 9ED9;DJH7JEH  ?=
 8 8KJ ?JI FHEF7=7J?ED ?I 799ECF7D?;: 8O ?DJ;DI?L;
:;<EHC7J?EDI ?D J>; 7H;7 ?D J>; L?9?D?JO E< J>; >EB; J>7J 97D 8; J>; H;7IED E< :?IF;HI?D= J>; FEM;H<KB IJH;II
9ED9;DJH7JEH:K;JEJ>;?DLEBL;C;DJE<7B7H=;DKC8;HE<C;IE9ED9;DJH7JEHIE<BEM;HFEM;H

318   Ilya Vlasov et al. /  Procedia Technology  19 ( 2015 )  313 – 319 
7 8
9 :
 ?=
 
,KH<79; EFJ?97BC?9HE=H7F>I797D::?IFB79;C;DJL;9JEH<?;B:IE<IF;9?C;DI8 :78 Z ?DJ>;7I	IKFFB?;:IJ7J;V
9O9B;I9: Z 7<J;HJH;7JC;DJM?J>3H?ED8;7CV 9O9B;I
I 7 H;IKBJ ?DIJ;7: E< FHEF7=7J?ED E< J>; 9H79AI 8O J>; DEHC7B <H79JKH; C;9>7D?IC <EH J>; 97I; E< IF;9?C;D
M?J>EKJ JH;7JC;DJ J>;H; ?I GK7I?	>ECE=;D;EKI :?IJH?8KJ?ED E<C;IEI9EF?9 :;<EHC7J?ED J7A; FB79;  ?=
 :
->?I
C7O8;J>;H;7IED<EHJ>;<7J?=K;9H79A=HEMJ>:7CF?D=7D:<7J?=K;:KH78?B?JO?D9H;7I;45

 "
->; IJHK9JKH; ?DL;IJ?=7J?ED E< IK8IKH<79; B7O;H 7D: 9HEII I;9J?ED E< H&E/ 7D: H&D,?'? IJ;;B
IF;9?C;DI 7<J;H J>; ?ED	8;7C ?HH7:?7J?ED >7I 8;;D 97HH?;: EKJ
 #J ?I I>EMD J>7J J>7J J>; JH;7JC;DJ 8H?D=I JE J>;
<EHC7J?EDE< J>; IE<J;D;: IK8IKH<79; B7O;HM?J> 7FFHEN?C7J; J>?9AD;IIE<  UC
->;9EH;E< J>; IF;9?C;D7BIE
;NF;H?;D9; J>; 9>7D=?D= E< J>; >7H:D;II J>7J ?I ?D9H;7I;: 8O   <EH H&E/ IJ;;B M>?B; <EH   <EH
H&D,?'?ED;
->;J;IJI>7L;I>EMDJ>7JJ>;?ED	8;7CJH;7JC;DJKI;:;DIKH;IJ>;?D9H;7I;E<<7J?=K;:KH78?B?JO
8O	 J?C;I?D9EDJH7IJM?J>J>;DED	JH;7J;:IF;9?C;DI

J9O9B?97BJ;HD7J?D=8;D:?D=E<H&E/IJ;;BJ>;C7?D9H79AEH?=?D7J?ED?DIF;9?C;DIE<8EJ> JOF;I>7FF;DI
7JD;7HBO;GK7BDKC8;HIE<9O9B;IJ>7J?I7IIE9?7J;:M?J>J>;F;H?E:?9E99KHH;D9;E<J;DI?B;7D:9ECFH;II?L;IJH;II;I
?D J>; IKH<79; B7O;H
"EM;L;H7J J>; IK8I;GK;DJIJ7=;E< IJ;7:O<7J?=K;9H79A=HEMJ> J>;C7?D9H79AFHEF7=7J?ED
H7J; ?I 78EKJ  J?C;I BEM;H I?D9; J>; IE<J;D;: IKH<79; B7O;H ;DIKH;I ;<<;9J?L; H;:?IJH?8KJ?EDE< IJH;II;I 7IM;BB 7I
:?IF;HI?D=IJH;II9ED9;DJH7J?ED7J J>;=H7?D8EKD:7H?;I
->?I BEM;HIIJH;II ?DJ;DI?JO ?D J>;L?9?D?JOE<C7?D <7J?=K;
9H79AJ?F

D7BOI?I E<IJH7?D<?;B:IE<H&D,?'?IJ;;B7BBEMIH;L;7B?D=J>;?D<BK;D9;E<CE:?<?;:IKH<79;B7O;HJEFHEL?:;
;<<?9?;DJ H;:?IJH?8KJ?ED E< :;<EHC7J?ED H;IKBJ?D= ?D CK9> B7J;H DK9B;7J?ED E< J>; C7?D 9H79A 7D: ?JI IBEM;H
FHEF7=7J?ED
->?IB;7:IJEJ>;?D9H;7I;E<<7J?=K;:KH78?B?JOE<IF;9?C;DI7<J;HJ>;JH;7JC;DJ
->;C7?DH;7IED<EHJ>;
H;L;7B;:9>7D=;I?IIE<J;D?D=E<J>;IK8IKH<79;B7O;HI?D9;?D9EDJH7IJJ>;GK;D9>;:IJ;;BIF;9?C;D7H;L;HOI;DI?J?L;
JE FH;I;D9; 7D: DK9B;7J?ED E< C?9HE9H79AI M>EI; ;LEBKJ?ED KIK7BBO ?I 9ECFB;J;: M?J> <7IJ DK9B;7J?ED 7D:
FHEF7=7J?EDE<C7?D<7J?=K;9H79A

319 Ilya Vlasov et al. /  Procedia Technology  19 ( 2015 )  313 – 319 
 
->; IJK:O M7IIKFFEHJ;:8O+,)H
 'E
###


+ +=H7DJI		6KAH6<677D:+ )H;I?:;DJ)HE@;9J
<EHIKFFEHJE<B;7:?D=I9?;DJ?<?9I9>EEBI',>	




45 ,>7D?7LIA??WW
,7<;<7J?=K;<H79JKH;E<;B;C;DJI7L?7IJHK9JKH;I,OD;H=;J?9I?D;D=?D;;H?D=7FFB?97J?EDI.<7#P:
.!'-.

45 )7D?D/X,;H=;;L/))7D?D/
'7DEIJHK9JKH?D=E<IKH<79;B7O;HIE<IJHK9JKH7BC7J;H?7BI7D::;FEI?J?EDE<D7DEIJHK9JKH;:9E7J?D=I#P:

-).

45 3K89>;DAE,$EBEIAEL&&$7I>?HIAO2K/;J7B
+;<;H;D9;8EEAE<IJ;;BJOF;I,;9ED::
 &EI9EM&7I>?DEIJHE;D?;

45 )7D?D,/B7IEL#
,;H=;;L/&7HKI9>7A)'7?:<;B:/$7B7I>D?AEL&E=:7DEL((L;9>A?D
3H?ED8;7CIKH<79;?HH7:?7J?ED<EH
?CFHEL?D=<7J?=K;:KH78?B?JOE<H&E/7D:H&D,?'?IJHK9JKH7BIJ;;BI
9J7&;J7BBKH=?97,BEL797
	

45 &7HKI9>7A)(,EHE9>7A)&;DEK&7HKI9>7A(/
+;=KB7H?J?;I?DC79HE	 7D:C?9HEC;9>7D?ICIE<<7J?=K;9H79A=HEMJ>?D78?C;J7B
E< 9EDJ?DKEKI97IJ;HHEBBI
7I;,JK:?;I?DD=?D;;H?D= 7?BKH;D7BOI?I
	

